Introduction
Under physiological conditions, stress or heat shock proteins function as molecular chaperones (intracellular housekeeping proteins), mediating the folding and assembly of other intracellular proteins and preventing inappropriate protein aggregation. They also facilitate intracellular protein transport and maintain proteins in an inactive form. Under conditions of rapid cell growth or differentiation such as during early pregnancy, or following exposure to an environmental stress such as inflammation, fever or toxic chemicals, heat shock protein synthesis is markedly increased (Ellis, 1996) .
Heat shock proteins (HSP) are classified into different families on the basis of their molecular weight and are further distinguished according to their inducibility. HSP60 is a dominant antigen of many microorganisms including Chlamydia trachomatis, the most common pathogen associated with tubal infertility (Morrison et al., 1989) . In mammals, it is associated with mitochondrial protein assembly and translocation (Ellis, 1996) . HSP70 homologues are the most highly conserved proteins within the heat shock protein superfamily identified to date (Ellis 1996) . HSP70 gene expression and its regulation in the mouse have recently been reviewed (Christians et al., 1997; Loones et al., 1997) . HSP60 and HSP70 both participate in the folding and unfolding of cellular proteins. HSP90 is a constitutively expressed heat shock protein in the mammalian cell cytosol and binds to a wide range of other proteins, including steroid hormone receptors. All three heat shock proteins are specifically expressed in the human endometrium throughout the menstrual cycle and in the decidua during early pregnancy (MinchevaNielsen et al., 1994; Tabibzadeh et al., 1996) . Conservation of the heat shock protein amino acid sequences between microorganisms and man could result in microbeinduced autoimmunity to heat shock proteins. Prolonged or repeated asymptomatic infections might trigger immunity to microbial heat shock protein epitopes that are also expressed in man. This may be relevant to human reproduction, since many couples with fertility problems have had a previously undetected genital tract infection (Cates and Wasserheit 1991; Witkin et al., 1994a) .
Heat shock proteins are among the first proteins produced during embryogenesis Morange et al., 1984) . Either the direct impairment of fetal or maternal cell viability by anti-heat shock protein antibodies or the induction of a pro-inflammatory response by heat shock protein-sensitized lymphocytes may induce early stage pregnancy loss. Women undergoing in-vitro fertilization (IVF) in whom evidence was found for local and systemic immunity to the human HSP60 had an increased prevalence of unsuccessful IVF outcome and first trimester spontaneous abortions as compared to antibody-negative women (Witkin et al., 1996) . In the present study we investigated the effect of antibodies to different mammalian heat shock proteins on early mouse embryo development in vitro.
Materials and methods

Culture of embryos
Mouse embryos were isolated as previously published (Lai et al., 1992) . Briefly, 6-8 week old female mice (B6D2F1) were superovulated with i.p. injections of pregnant mare serum gonadotrophin (Sigma, St. Louis, MO, USA), followed 48 h later by human chorionic gonadotrophin (HCG; Sigma). After mating overnight, females exhibiting copulation plugs were killed 42 h post HCG administration and 2-cell embryos were flushed from the oviducts with Roswell Park Memorial Institute 1640 medium (Gibco, Grand Island, NY, USA) supplemented with 10% fetal calf serum (FCS). The embryos were washed four times with medium plus 10% FCS before culture. All experiments were performed in 96-well flat-bottom plates (Corning, New York, NY, USA). Embryos at the 2-cell stage were selected and randomly assigned to individual wells. A total number of five to 10 embryos was placed in each well. The FCS-containing medium was then supplemented with either 10 or 100 µg/ml of monoclonal antibodies to heat shock proteins as described below. Since these antibodies belong to the IgG 1 subclass, monoclonal mouse IgG 1 was used as an additional control. The embryos were incubated at 37°C in a 5% CO 2 humidified air chamber. Each experiment was repeated four times. Parallel cultures in medium alone were always incubated simultaneously and evaluated concurrently. The total number of mouse embryos studied was 572. The number of blastocysts (expected after 3 days in culture), hatching and hatched stages (expected after 5 days in culture) and outgrowth embryo stages (expected after 7 days in culture) derived from the 2-cell mouse embryos were scored with a Nikon Diaphot inverted microscope at ϫ100 and ϫ200 magnification.
Heat shock protein antibodies
Monoclonal antibodies to heat shock proteins were purchased from StressGen (Victoria, BC, Canada). SPA 806, clone LK-1 is specific for mammalian HSP60; SPA 822, clone BB70 is specific for the constitutive and inducible forms of mammalian HSP70. SPA 835, clone 16F1 identifies free and complexed mammalian HSP90. Purified and dialysed mouse IgG 1 (ICN, Costa Mesa, CA, USA) was used as a control immunoglobulin. This protein is a myeloma IgG 1 isolated from ascites fluid, generated by the tumour cell line MOPC 21.
Statistics
Statistical analysis was performed by Fisher's exact test with a level of significance defined as P Ͻ 0.05.
Results
The inclusion of antibodies to HSP60 (100 µg/ml), but not to HSP70 and HSP90, into the culture medium inhibited embryo development at day 3 (Table I ). Only 29% (22/75) of the embryos cultured with HSP60 antibodies reached the blastocyst stage (P Ͻ 0.0001) compared to 67% (31/47) of the embryos cultured with antibodies to HSP70, 72% (43/60) cultured with antibodies to HSP90, 79% (49/60) cultured in medium plus mouse IgG 1 and 71% (83/117) with medium alone. On day 5 only the same embryos continued to grow, hatch (22/75, 29%) and produce outgrowth (22/75, 29%) which were not previously arrested in culture containing HSP60 antibodies. At this time period hatched embryos were present in only 28% (13/46) of the cultures containing anti-HSP70 IgG (P Ͻ 0.0001) as opposed to 57% (34/60) of the cultures containing anti-HSP90 IgG, 73% (45/62) in cultures containing medium and IgG 1 and 68% (79/117) of the cultures with medium alone (Table II) .
After day 7 in culture only 9% (4/46) of embryos in cultures containing anti-HSP70 IgG (P Ͻ 0.0001) and 45% (27/60) containing anti-HSP90 IgG (P Ͻ 0.01) developed to the trophoblast stage as opposed to 66% (41/62) in cultures containing medium plus IgG 1 and 64% (75/117) of the cultures with medium alone (Table III) .
The effects of each of the three heat shock protein antibodies on mouse embryo development are summarized in Figure 1 . At day 3 in culture only HSP60 inhibited embryo development. HSP70 and HSP90 antibodies had no detectable influence on embryo growth at that stage. After 5 days in culture, however, the growth inhibition of HSP60 antibodies continued and an additional inhibitory influence of HSP70 antibodies was observed. After 7 days a small but significant growth inhibition due to HSP90 could also be seen. The described effects were dose-dependent. At a concentration of 10 µg/ml none of the antibodies influenced embryo development.
Discussion
Microbial heat shock proteins are highly immunogenic in man (Kaufmann, 1990) . Autoimmunity as a consequence of sensitization to heat shock protein epitopes conserved between microorganisms and man might influence pregnancy outcome Figure 1 . Effect of antibodies to heat shock proteins on developmental delay of mouse embryos after 3, 5 and 7 days in culture. Embryos were cultured in Roswell Park Memorial Institute medium (RPMI)/10% fetal calf serum (FCS) and monoclonal antibodies to human heat shock proteins HSP90, HSP70 and HSP60 (100 µg/ml). Controls consisted of RPMI/10% FCS and mouse IgG 1 (100 µg/ml). *P Ͻ 0.01 compared to controls. **P Ͻ 0.0001 compared to controls. since these proteins are expressed during the pre-and periimplantation period. In women undergoing IVF, the presence of IgA antibodies to human HSP60 in the cervix was associated with poor outcome after embryo transfer (Witkin et al., 1994a) . In addition, circulating antibodies to the human HSP60 were most prevalent in women with a history of spontaneous abortion (Witkin et al., 1996) .
During the preimplantation stage of mammalian embryo development many rapid changes occur. After creation of the zygote the genome of the embryo becomes activated and assumes control of subsequent cell division and differentiation. In mouse embryos, heat shock protein gene expression is observed at the 2-cell stage during the onset of zygote gene activation . HSP70 gene transcription may be initiated even earlier at the 1-cell stage (Christians et al., 1997) . The constitutive forms of both HSP70 and HSP90 are expressed at high levels during preimplantation mouse embryo development (Loones et al., 1997) . HSP60 expression has also been demonstrated in early mouse embryos . Cell surface expression of HSP60 by the trophoblast can be inferred from experiments demonstrating that a murine hybridoma specific for HSP60 reacted with human trophoblast (Heybourne et al., 1994) .
Both anti-HSP60 and anti-HSP70 elicited a strong inhibitory effect on mouse embryo growth, but at different developmental stages. The constitutive form of HSP70 is the predominant HSP70 expressed in mouse embryos up to the 8-cell stage. Beginning at the blastocyst stage constitutive synthesis of HSP70 continues, but the expression of induced HSP70 markedly increases (Hahnel et al., 1986; Christians et al., 1997) . Constitutive HSP70 is possibly less influenced by anti-HSP70 antibodies than is inducible HSP70. An increased expression of inducible HSP70 also occurs after the blastocyst stage and the hatching process (Christians et al., 1997) . This may exert a protective effect against apoptosis (Mailos et al., 1993) . Antibodies to HSP70 may thus, render embryos more susceptible to apoptotic cell death. This hypothesis is currently under investigation.
The mechanism(s) of anti-HSP60-and anti-HSP90-related inhibition of mouse embryo development in vitro is completely unknown. The zona pellucida of mouse oocytes and zygotes is permeable to macromolecules. Molecules up to 170 kDa have been shown to penetrate through the zona pellucida of post-ovulated mouse oocytes (Legge, 1995) . In addition the permeability of mouse zona pellucida to IgG with induction of embryo damage has been demonstrated (Sellens and Jenkinson, 1975) .
Heat shock proteins are mainly present in intracellular compartments; however, the cell surface expression of heat shock proteins has been noted in a variety of cell types. Members of the HSP70 family are found on the cell surface of tumour cells where they elicit an anti-tumour immune response (Multhoff et al., 1997) . Surface expression of heat shock protein epitopes shared between bacteria and man have also been demonstrated in immunocompetent cells (Jarjour et al., 1990; Wand-Württemberger et al., 1991) . Recent findings in T-lymphocytes indicate that translocation of heat shock proteins to the cell membrane is associated with apoptosis (Ishiyama et al., 1996; Poccia et al., 1996) .
The dogma that the internal milieu of cells is immunologically privileged and not accessible to autoantibodies has recently been challenged. IgG anti-ribonucleoprotein and IgG anti-DNA were shown to enter epithelial and fibroblast cells, react with intranuclear antigen, modify cell function and induce cell death (Alarcon-Segovia et al., 1996) .
The level of heat shock protein gene transcription in mouse embryos has been shown to be influenced by in-vitro culture conditions (Christians et al., 1995) and by the specific inbred strain examined (Chastant et al., 1996) . Therefore, the direct relevance of the above observations to embryo development in vitro and in vivo in man remain to be determined.
HSP60 has been identified in follicular fluids obtained during oocyte retrieval for IVF (Neuer et al., 1997) . Immune sensitization at the level of the cervix to heat shock proteins has been associated with implantation failure in some women (Witkin et al., 1994a) . Since in IVF the fertilized embryos are most often cultivated in medium containing maternal sera the effect of serum containing antibodies to human HSP60 and HSP70 should be investigated. Such studies are now in progress.
